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ABSTRACT 
/ p g  5' 

Measurements a r e  presented of the var ia t ion  of azimuthal H a l l  

currents  with increasing radial magnetic f i e l d  i n  an a x i a l  steady 

a rc  discharge a t  various a x i a l  currents f o r  pressures varying 

from 15 t o  40 p Hg. The increase i n  H a l l  currents t o  a peak with 

subsequent decrease can be interpreted through an increase of ion 

s l i p .  The in t ens i ty  of the  high-frequency noise o r  turbulence 

var ies  approximately with H a l l  current and of t he  low-frequency 

noise with ion motion between co l l i s ions  with neutrals .  H a l l  

currents  a r e  a l s o  measured a t  pressures around 15 mn Hg i n  a 

coaxial  electrode configuration. 

INTRODUCTION 

Recently much e f f o r t  has been spent i n  experimental and 

theo re t i ca l  s tudies  of Hall  accelerators  ( ref .  1, summary of work 

by NASA, Industry,  and Universi t ies)  where azimuthal Hall  cur- 

r en t s  and radial magnetic f i e l d s  provide t h e  force.  A n  under- 

standing of t he  basic conduction processes across a magnetic 
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f i e l d  involving Hal l  currents  i n  the  presence of  ion motion i s  

essent ia l .  

urements and in te rpre ta t ion  of H a l l  current var ia t ion  with mag- 

net ic  f i e l d .  The var ia t ion  of noise or turbulence i n  the dis- 

charge with magnetic f i e l d  and t h e  extent of i t s  r e l a t ion  with 

H a l l  current and ion  motion i s  given. 

t o  study t h e  p o s s i b i l i t i e s  of conventional loss mechanisms before 

a t t r i bu t ing  r e su l t s  t o  turbulence. I n  the l a rge r  number of t es t s  

a t  pressures from l f s  t o  40 p Hg a "Linear Hall accelerator" was 

used with a radial magnetic f i e l d  and an a x i a l  e l e c t r i c  f i e l d .  

"Coaxial Hall  accelerator" with coaxial  electrode configuration 

was used at  pressures from 1 t o  30 mm Hg where the  Hall  current 

i s  produced by a r a d i a l  e l e c t r i c  f i e l d  and the  a x i a l  component 

of a diverging magnetic f i e l d ,  whose r a d i a l  component together 

with Hal l  current furnishes the  accelerat ion as i n  an open mag- 

ne t ic  mirror. 

The major p a r t  of t h i s  paper i s  concerned with meas- 

A special  e f f o r t  i s  made 

A 

SYMBOLS 

B 

e 

EX 

E: 

n 

magnetic f lux  density 

uni ty  charge 

e l e c t r i c  f i e l d  s t rength 

EX - V e B r  
current density 

p a r t i c l e  density 
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V ve loc i ty  of  plasma center of mass 

U mean square density f luctuat ions 

T mean f r e e  t i m e  between pa r t i c l e  co l l i s ions  

Subscripts : 

e electron 

i ion 

n neut ra l  

r,Q ,x cyl indr ica l  coordinates 

APPARATUS AND MEASUREWENTS 

Linear H a l l  Accelerator 

A schematic of t he  apparatus i s  given i n  f i g .  1. The dis- 

charge i s  formed between an aluminum cathode and a copper anode; 

an induct ively heated tungsten r ing  cathode has been used i n  a 

few experiments. 

2.54 cm long and are  separated by a 22.86-cm long g lass  (vycor, 

quar tz ) .  The r a d i a l  magnetic f i e l d  component i s  produced by a 

solenoid, between cathode and anode, and a center i ron  bar  and 

reverses  on e i t h e r  s ide of t he  solenoid. This results i n  a 

reversa l  of H a l l  current and plasma ro t a t ion  which depend on the  

d i rec t ion  of Br, but t he  a x i a l  forces remain i n  the  same direc- 

t i o n ,  being dependent on & . The argon en ters  before the  anode 

and i s  pumped away behind t h e  cathode. 

operated without preionizer and was s t a r t e d  with a Tesla c o i l ,  

The electrodes are  7.3 cm i n  diameter and 

2 

The present discharge 
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but a preionizer has a l so  been tes ted .  

measured by switching the  discharge off  and in tegra t ing  t h e  cur- 

rent induced i n  a 300-turn c o i l  with a b a l l i s t i c  galvanometer, 

whose def lect ion i s  proportional t o  t h e  Hall  current.  

taken t o  avoid side e f f ec t s .  Two 80-turn c o i l s  were used t o  s i m -  

u l a t e  the  H a l l  current f o r  ca l ibra t ions ,  which were repeated a t  

several  values of B r  

ra t ion of the  i ron  bar. 

t he  discharge w a s  operated a t  several  values of B r  and a t  sev- 

e r a l a x i a l  currents.  The results were cross  p lo t t ed  t o  give j e  

and Ex vs. B r  f o r  various jx. The complete r e s u l t s  a r e  i n  

reference 2 but only the  H a l l  current var ia t ion  a t  30 p Hg i s  

given here ( f i g s .  2 and 3).  

The Hal l  current w a s  

Care w a s  

t o  eliminate possible e f f ec t s  due t o  satu-  

A t  each pressure (15, 30, and 40 p Hg) 

The noise in t ens i ty  generated i n  the  crossed f i e l d  discharge 

was measured and i t s  spectrum examined; external ly ,  by using 

e l ec t ros t a t i c  coupling through the  g lass  envelope of t h e  discharge 

and in te rna l ly ,  by coupling t o  a probe inser ted  i n  t h e  plasma. 

The external  measurements emphasized the  high-frequency noise 

band above about 50 kc. The i n i t i a l  series of ex terna l  and 

in t e rna l  measurements showed a var ia t ion  of t h e  high-frequency 

noise in t ens i ty  with increasing magnetic f i e l d  a t  constant a x i a l  

current,  which approximately follows t h e  increase and decrease of 

t he  Hal l  current.  The in t ens i ty  of t h e  low-frequency noise band, 

from below 50 kc t o  10 kc increased with magnetic f i e l d .  The 
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measured in t e rna l  voltage gradients vary approximately with the  

noise in tens i ty .  The i n t e r n a l  probe was decoupled by a capacitor 

from t h e  instrumentation and operated a t  f l oa t ing  ro t en t i a l ;  t he  

capacitor did not a f f ec t  the  frequency response for the  range of  

i n t e r e s t  (1 t o  200 kc).  

i n t ens i ty  was small, but experiments with thermionically emitt ing 

cathodes a re  i n  progress t o  avoid this noise. 

Without the magnetic f i e l d ,  the  noise 

Coaxial Hal l  Accelerator 

The radial e l e c t r i c  f i e l d  of the coaxial  Hal l  accelerator  i s  

produced by a tungsten cathode surrounded by an annular copper 

r i n g  anode and the diverging magnetic f i e l d  by a solenoid with 

means f o r  f i e l d  shaping. The configuration i s  shown i n  re fer -  

ence 1. I n  t h e  annulus between the coaxial  electrodes the  flow 

a t t a i n s  sonic veloci ty  between the coaxial  electrodes ani: expands 

t o  supersonic ve loc i t i e s  i n  an attached boron n i t r i d e  nozzle. 

The currents  bulge i n t o  the  supersonic region where accelerat ion 

occurs. The Hall  current search c o i l  i s  imbedded i n  the  noncon- 

ducting nozzle. 

The H a l l  current signal i s  pressure dependent approximately 

i n  agreement with theory. 

H a l l  current and electrode current var ies  from about 1 t o  10 f o r  

t h e  pressure range from 1 t o  30 mm Hg, electrode currents from 

The order of magnitude of t h e  r a t i o  of 
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100 t o  350 amperes, and magnetic f i e l d s  from 3,000 t o  

10,000 gauss. The tes t  gases were argon and helium. Osci l la-  

t ions  appear occasionally i n  the  discharge, which i n  view of t he  

much higher pressures and the  coaxial  geometry a re  of d i f f e ren t  

or igin from those occurring i n  the  low-pressure experiments. A s  

indicated from high-speed movies and Kerr c e l l  photographs, t he  

osc i l la t ions  are re la ted  t o  the  existence of a rc  spokes which, 

however, vanish f o r  su f f i c i en t ly  la rge  values of W ~ T ~  and 

when uniformity of cathode heating i s  at ta ined.  An apparatus has 

been b u i l t  t o  use 4 times higher currents  and magnetic f i e l d s .  

INTERPRl3TATION OF RESULTS FOR LINXAR HALL ACCELFFATOR 

(a)  Ion S l ip ,  Joule Heating, and Ionization 

The most i n t e re s t ing  r e s u l t  found i s  t h e  increase and 

decrease of Hall  current with increasing magnetic f i e ld .  

r e t i c a l  in te rpre ta t ion  i s  proposed i n  reference 2 t o  explain the  

main e f f ec t s  of these phenomena. The analysis  i s  based on 

including ion s l i p  i n  the  equations f o r  t he  H a l l  current and 

assuming t h a t  f o r  constant a x i a l  current  both T e  and Tin are 

constants and neglecting vx. This theory does not depend on 

turbulent e f f e c t s  which will be discussed i n  sect ion (b ) .  

resu l t ing  equation f o r  H a l l  current  derived from t h e  generalized 

ohm's l a w  ( r e f .  3 )  i s :  

A theo- 

The 
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and the  coef f ic ien t  of jx has a maximum a t  

when QTe and y~~~ are  functions of B r  only. Thus, for 

constant j,, j e  w i l l  have a maximum and 

Eqs.  ( 3 )  and ( 2 )  were used t o  calculate  (&Te and q 7 i n  a t  

j emax 
These values were u s e d t o  calculate  je  a s  a function of 

B,. I n  f i g .  3 experimental and theo re t i ca l  curves of j e  vs. 

Br  a r e  given, where f o r  j.emax, a t  jx = 3,930 web2, 

B r  = 0.015 web/m2, = 668, ‘L)iTin/Br = 3.32; a t  

jx = 5,240, & = 0.015 web/m2, QTe/% = 772, %Tin/& = 2.9; 

a t  jx = 9,170 aMp/m2, B r  = 0.0123, U&Te/Br = 1,256, 

q ~ i ~ / &  = 2.55. The values agree reasonably well  with theory. 

The method of calculat ing the  values of j e  forces  the 

curves t o  match a t  the  maximum point but a c lose f i t  f o r  t he  

shape of the  curves i s  shown. For t h i s  simple in t e rp re t a t ion  of 

t he  reduction i n  j e  the quant i t ies  Te and T~~ were held 
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constant and the  center of mass ve loc i t i e s  vx and V8, which 

a l so  could cause a reduction i n  

the p a r t i a l l y  ionized plasmas v, and V8 are weighted i n  favor 

of the  neut ra l s  and a l s o  preliminary observations show t h a t  they 

are  not la rge  here, t h e i r  neglect seems justif ied.  

i n  j, with B r  could a l so  be caused by a reduction i n  T e ,  

which could be due t o  an increase i n  co l l i s ion  cross section, say, 

due t o  ionization; t o  make t h i s  e f f e c t  more important than t h a t  

of ion s l i p ,  Te would have t o  decrease f a s t e r  than Br, which 

i s  unlikely here. 

l i nea r  var ia t ion  of E'  with B r  i n  Hal l  accelerators  through 

energy input t o  ionizat ion (var ia t ion  of Te and ne) have been 

made a t  t h e  Lewis and Langley Research Centers of NASA and a t  

AVCO Everett  a t  low pressures of a few 

pressures around 20 mm Hg (Langley and AVCO) . 

j e ,  were neglected. Since f o r  

A reduction 

A t t e m p t s  t o  i n t e rp re t  complete, or p a r t i a l ,  

p Hg (Lewis )  and a t  higher 

(b )  Turbulent Conduction 

The experimental and theo re t i ca l  s tud ies  of noise or turbu- 

lence i n  Hall  accelerators  ( r e f s .  3 ,  4, and 1) as w e l l  a s  t he  

re la ted  theories  fo r  conduction across  magnetic f i e l d s  ( r e f s .  5 

and 6)  a re  s t i l l  i n  the  preliminary stage.  I n  reference 5 t h e  

ion motion i s  neglected and i n  reference 6 it i s  included i n  a 

r e s t r i c t ed  form with t h e  conclusion t h a t  t h e  ions damp t he  turbu- 

lence. I n  the  l i t e r a t u r e  the  e f f ec t  of turbulence i s  considered 
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f o r  the  conduction current but not for  t he  H a l l  current.  To 

obtain a simple p ic ture  it i s  assumedthat t h e  l o s s  term f o r  

i s  replaced by turbulent e f f ec t s  i n  analogy with t h e  conduction 

current i n  reference 5 .  

je 

j, = mee E' - + neevx B 

with t h e  H a l l  current  

(4) 

i n  analogy t o  another form of eq. (1) given i n  reference 2. 

Here, a includes t h e  e f f e c t  of ion  motion, somewhat i n  viola-  

t i o n  of t h e  theory i n  reference 6 where ions damp the  turbulence. 

I n  our experiments, however, t he  amplitude of the  low-frequency 

noise r e l a t ed  t o  t h e  ions i s  la rge  and a x i a l  motion of the  ions 

occurs; thus the  theory i n  reference 6, using the  e f f ec t s  on the  

ions i n  r e s t r i c t e d  form, need not apply. Caution i s  necessary, 

when r e l a t i n g  

f luctuat ions,  

(ref.  5 ) .  

The Hal l  

t he  noise amplitude, the mean square e l e c t r i c  f i e l d  

t o  a, the  mean square density f luctuat ions 

current which about follows the  high-frequency noise 

i n t e n s i t y  appears t o  be the  source o f  i n s t a b i l i t i e s  which t r ans fe r  

progressively a l a rge r  share of energy t o  ion osc i l la t ions .  

increase i n  low-frequency noise in t ens i ty  with magnetic f i e l d  

The 

9 



appears r e l a t ed  t o  t h e  increased freedom i n  ion motion before 

col l iding with a neutral ,  i . e . ,  9 ~ ~ ~ .  I n i t i a l  t e s t  shows an 

intermediate dip i n  slope of t he  curve showing t h e  var ia t ion  of 

noise in t ens i ty  with B r  a t  about the  H a l l  current peak, a 

behavior s imilar  t o  t r ans i t i on  from laminar t o  turbulent  flow. 

Much fur ther  experimental and theo re t i ca l  study i s  necessary t o  

decide about t h i s  r e s u l t  and, more broadly, about whether t he  ion 

s l i p  o r  a t r a n s i t i o n  t o  turbulent l o s s  due t o  increased ion  osc i l -  

l a t i ons  causes the  decrease i n  H a l l  current,  both mechanisms 

having s i m i l a r  o r ig in ,  t he  increase of freedom i n  ion  motion. 

The great  var ie ty  of crossed f i e l d  i n s t a b i l i t i e s  studied i n  

France, Russia, and t h e  United S ta tes  cannot be discussed here. 

From experiments f o r  t he  Kadomtsev i n s t a b i l i t y  by Gierke and 

Woxler a t  Miinchen and Garching, hopes e x i s t  t o  delay the  crossed 

f i e l d  i n s t a b i l i t y  by increased ionizat ion and reduced a x i a l  e lec-  

t r i c  f i e l d s ;  experiments with preionizers  a r e  i n  progress,  a t  t he  

Magnetoplasmadynamics Branch of Langley Research Center where 

t h i s  research w a s  performed. 
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